Over the past few years, the "Maker" or "Do It Yourself" movement has produced microcontrollers such as Arduino and Raspberry Pi that provide robust capabilities for sensing, control and communication. These tools are useful for both teaching and research in fields outside of ECE, but require the traditional understanding of basic electrical circuits and programming methodology in order to be effective. This dilemma led to development of a course for non-engineers to allow such technologies to be used effectively. Students participated from a diverse array of fields, including agriculture, animal science, biology, finance, fine arts, physics and statistics. The pedagogical approach used was a combination of traditional short lectures, hands-on small lab projects performed in two-person student teams, and a team-selected special project related to their field of study. Out of a total nine week course duration, proposals for the special project were accepted by the end of week three from the student teams, with project approval based on significance and relevance to their particular field and on project feasibility. Lecture/Lab study topics included use of development tools (Integrated Development Environment) for microcontrollers, the C programming language, basic electrical circuits, use of sensors, calibration of sensor data, control of actuators, and communication with the microcontrollers. Each lecture was combined with a hands-on lab project followed by a quiz a few days later. Small lecture-related labs comprised two thirds of the course lab time, with the remaining third devoted to the special project. Student understanding of the course material was assessed based on successful demonstration of predetermined lab projects, on ability to make prescribed customized changes to each lab, and on the quizzes. Class size was limited to 30 people, and assessment of the lab projects and the special project were carried out by the instructor and two student assistants. Preliminary results indicate that participants have all successfully demonstrated the small projects to date, and that the students have submitted relevant and challenging proposals -now underway -for their special projects.
Introduction
In 1974, the notion of "classes" of computers was identified by Gordon Bell 1 , wherein he noted that each new class ushered in new applications, markets, and potential uses. These are typified by the onset of mainframes, minicomputers, supercomputers, personal computers, hand-held devices -and in recent years, yet another class: the microcontroller. This new class of computers is characterized by low power consumption, small footprint (now typically the size of a credit card), ability to perform real-time input and output of digital or analog data, and the ability to communicate to other controllers, or to some other system. The new class of microcontrollers has found itself as common fare in modern Computer Science and Electrical Engineering curricula. There is no shortage of efforts to integrate microcontrollers into such programs, teaching the hardware and software characteristics of their use for those with experience in the engineering and computer science fields, especially in the area of robotics 2, 3, 4, 5, 6, 7, 8, 9 .
Like other classes in the computer family, however, these devices also have uses for nonengineering students who can take advantage of the sensing, measurement, control, or communications capabilities of microcontrollers -but have very little or no programming experience or knowledge of basic electronic circuits. (This is especially useful in the sciences, where these devices are valuable tools for measurement.) There has been some headway in this area at tackling the problem of educating non-engineers through the use of university core project-based courses, but some questions are still posed related to the correct language for programming of this class of devices 10, 11 .
Over the last several years, new types of microcontrollers created by the Arduino 12 group in Italy have created a new level of usability, most notably because of the simplicity of concept for connecting devices and programming using an Integrated Development Environment. The Arduino has been a favored platform by "The Maker Movement", aiming to allow smart devices to be built with little engineering experience. The ability to leverage this technology is not only important to the basic sciences 16 , but also to many other fields such as business, fine arts, agriculture and statistics.
The desired uses of microcontroller technology for these other fields is driven by the following:
• Ability to collect data from live sensors (analog and digital) to collect information on temperature, noise level, humidity level, radioactivity, pressure, altitude, motion, orientation … and lots of other imaginable things.
• The ability to control devices (lights, motors, pumps, valves, signs, etc.)
• The ability to communicate information to a point of contact, such as a personal computer, handheld device, or network.
Each of the above areas involves the use of some electrical circuitry, and the ability to perform some sort of programming (i.e., coding) to configure the microcontroller. The ability to effectively use this class of devices requires that non-engineers acquire knowledge about basic electrical operations of sensors and controls, the ability to program the microcontroller, and the ability for the microcontroller to communicate results.
This was the impetus behind the creation of a class for non-engineers: "Microcontrollers for Everyone," taking advantage of a "learn by doing" approach, and spoon-feeding the participants in each of the areas above. The pedagogical method used was to relate the problem at hand to their own fields, starting with very simple small projects, and ending with a project that related to their field. One of the tasks involved is teaching the principles and methods of coding to those with absolutely no programming experience, a task that has successfully been carried out with K-12 students 13,14 and now is also being promoted in recent initiatives at the White House 15 .
This paper describes the experience a two quarter trial of this course, including the combination of teaching (lecture), hands-on "pre-fab" and "do-it-yourself" lab projects, the required lab infrastructure, and the choice and assessment of field-related student projects.
Approach
This course, offered as a "general education" elective for non-engineering majors only, included an assortment of participant majors: agriculture, biology, business, fine arts (art and photography), math, statistics, animal science and agriculture majors, typically at the senior level. Of those polled at the outset, approximately 10% had some prior programming experience, and none had any electrical/electronics experience.
Lectures
Because of the diversity in the areas of study and the inexperience of students in the areas of basic electronics and computer programming, the lectures were aimed at showing the relevance of those topics when using microcontroller devices in their individual fields. The lectures were frequent (three times a week) -but brief, lasting from as few as fifteen minutes to 45 minutes, and related to the daily "project at hand".
The subject matter of the lectures dealt with basic electronics concepts and programming techniques as they relate to the Arduino microcontroller. Specifically, the programming effort teaches the ability to write (or modify) programs written in the C programming language as needed for the Arduino devices. As the course progressed, most of the methodology of C programming was covered and exercised in the lab projects.
The Arduino Integrated Development Environment does an excellent job of "jump-starting" the programming process, even blunting the reality of programing by using a new word called "sketch." The C lectures talk about the basics of the Arduino programs and the concepts of input and output to digital devices such as buttons and LED's. The course also covers the difference between digital and analog devices and allows the students to use simple sensors such as photoresistors (light sensors) and thermistors (temperature sensors) to make accurate measurements. This requires the explanation of simple electrical concepts such as Ohm's law and the relationship of voltage and current.
The programming portion of the lectures takes the students through the full gamut of the C language, discussing if...else statements, looping ability (for, while), switch statements, functions, and data types (int's, char's, floats, and arrays) as needed for implementation of their lab projects. This also has to deal with the nuances of the Arduino environment, such as including references to third-party programs (libraries) when used with certain sensors or with the Arduino add-ons (plug in "shields").
Because communications is essential to the effective use of microcontrollers, lectures also cover the basic terminology of data communications starting with the operation of the simple Serial port connecting to the PC. Students acquire the ability to transfer data to the PC and display and save data as it is being obtained by the various sensors.
Project Orientation -Hands-on Labs
During the first two class sessions, students formed two-person teams. In some cases, teams were formed from students of the same background, but in most cases the teams were diverse. Anecdotally, best results were achieved with pairs of students with uneven experience in the areas of electronics or programming. Approximately the first seven weeks of the 11-week course consisted of lecture/lab sessions that exemplified basic concepts of electrical circuits and programming. Of the 18 hands-on labs, 14 used a "cook-book" approach, showing the required programming and wiring diagram to demonstrate the lab. Each student had to assemble and explain the operation of the lab project, and each project was demonstrated and checked. The remaining labs are referred to as "extemporaneous" projects.
Lab resources consisted of the Arduino Uno R3, presented as a kit with associated electrical components. The lab infrastructure was configured to be sustainable, with a predetermined components for each of the successive labs. In order for this to be possible, the beginning of the course emphasized the "care and feeding" of the microcontroller, emphasizing the fact that they, and their sensor counterparts, were not indestructible.
Human resources needed for the lab included the instructor and two engineering student assistants for a class size of 24 people.
An example of the "Arduino Uno" that was used in the class, with a small breadboard for constructing simple circuits is shown on the right.
The first half of the course teaches fundamental concepts, while forming teams within the class. Each team receives a set of preassigned projects, starting with something as simple as blinking an LED. In the process, they learn the native language of the Arduino, C.
Every lab project, however simple, has a sign-off to allow each team to proceed to the next step. In all, 18 projects were undertaken before the team projects were started. Of the prepared projects, approximately three quarters were "by the book", with assigned wiring diagrams and programming examples. The handbook used for "by the book" projects was the Arduino Projects Book 17 , provided with the Arduino Uno kit; the remaining projects were extemporaneous.
Examples of some of the prepared lab projects are:
• Simple blink and LED (basic IDE instruction) • Timer Controlled Stoplight (digital output)
• What is button bounce, and how do you fix it?
• How do binary numbers work; how to count in binary?
• Making a binary counter in LEDs • How to read analog data -a light meter • Making sounds • Sensing temperature • Calibrating analog sensors -using a least squares analysis of calibration data to create a polynomial calibration function • What's a relay? How do we switch on/off various devices • How to vary the speed of a motor, and how to use a servo motor • Using a LCD to display information
Extemporaneous Projects
In order to more fully assess student understanding of the lectures and their assimilation of the "cook-book" projects, four extemporaneous projects were interspersed in the project flow. These were assigned "on the spot," whereby each team had to come up with a hardware/software solution to a problem. (Specifically, no prepared solution to the problem was provided in advance.) This, combined with quizzes administered during the lecture section, helped assess student understanding of the subject of the lectures as well as the prepared projects that might be achieved by simply "going through the motions."
Team Projects
By the end of the third week of the course, each team submitted a proposal for their team project -one that not only exercised the capabilities of the microcontroller, but also related to their own field(s) of endeavor. These team proposals were then evaluated and adjusted based on a) whether the project was too trivial; b) whether the project was overly complex for the scope of the course; and c) whether (hardware) resources were available to fulfill the project.
Team projects make use of sensors and actuators that the students have had to identify during the planning phase. Each team is in charge of its project design with the advice of the lab assistants and the instructor. As part of the project, each team had to become familiar with sources for sensors or components for their projects. The predominant source of such components was provided by Arduino specialty companies Adafruit 18 and Sparkfun 19 . During the last week of the course, each team presented their project and results to the rest of the class, explaining their approach and demonstrating the resulting product.
Examples of some team projects are:
1. High Speed Photo Flash Controller (Photography Major) -Use of a microcontroller to control timing of a high-speed flash. The object shown is a tomato dropped into a glass of milk, and the timing is triggered by the interruption of a laser beam.
The microcontroller intercepted the falling tomato, then accordingly set the time delay for the high-speed flash to capture the image as the object landed in the milk.
2. Soil Moisture Saturation Instrument (Agriculture Majors) -combined a low-cost moisture sensor with the programming capabilities of the Arduino to provide an accurate measurement of water saturation in soil. The Arduino was used to create a calibration table from readings of soil moisture, given measured amounts of water added to the soil. The microcontroller then used this calibration table to display the current percent of saturation of the soil.
3. Light Regulation System (Business Finance Majors) -senses the presence of humans in a room using an infrared sensor, automatically switching on lighting when needed and automatically shutting down lighting after a time-out period if no humans are present.
4. Pulse Rate Sensor (Biomedical Engineering Majors) -used standard (low cost) red LED and light photoresistor sensors, allowing measurement of human heart rate and display of pulse in graphical format.
Automatic Dispensing Animal Feeder (Animal Science and
Biology Major) -this project sensed the nose of an animal (a service dog, in this case), and used a servo motor to dispense dog treats. The entire food dispenser was created from a used coffee maker which housed the Arduino system, and was self-contained and battery-operated.
Interestingly, the dog was also trained during the course to approach the capacitive sensor when he wanted to cause the microcontroller to dispense the treats.
6. Tide Pool Simulator (Biology and Animal Science Majors) -used the microcontroller to simulate the lighting conditions and water level on a 24-hour period using tide tables and a predicted sunrise/sundown schedule.
7. Weather Trend Monitor (Environmental Science Major, Business Major) -used a barometric pressure sensor, temperature sensor, and humidity sensor to detect trends in weather conditions and to be able to signal alert given programmed criteria. These students used a digital filtering technique (convolver) on the data, and were able to do data smoothing and trend analysis in the Arduino code.
Scope of Capabilities
Team projects were very useful at making the course relevant to each student's field of endeavor. However, it was very easy for students to come up with very ambitious proposals for projectsyet time allotment for focus on the team project was only a three week period. Consequently, we chose to limit the scope of the team projects to what was do-able in the available time, yet gaining an understanding that could be carried away from the course for follow-on projects.
For simplicity's sake, projects used some external devices such as relays and motors, but there was no use of add-on boards ("shields"). Additionally, special effort was taken (and instruction given) on the care and feeding of the Arduino boards and other devices to provide a sustainable inventory of the lab kits.
Interim Assessments
A prior "anonymous" quiz was given at the start of class to determine prior experience with programming and electronics. Progress assessment of lecture material was performed by three "quizzes" on basic circuits and programming concepts. The results of these quizzes provided insight on areas of further emphasis during the lecture portion before entering the team project phase of the class.
All students successfully completed the prepared assignments, including the extemporaneous lab projects (with help from the assistants). Course grades were based on: Quiz results; successful completion of prepared and extemporaneous projects; and completion with live presentation of team projects.
Conclusions
The students primarily gained knowledge useful to their fields of endeavor in the area of using microcontrollers for sensing and measurement. The more difficult challenges to the course were: preparation of mechanical devices and structures for class projects, as these were not as readily available off-the-shelf; b) communication of results to a central resource/database to allow storage or logging of data. This implies the need for an easy-to-use "cloud-based" service to allow storage and display of data. Such ability is crucial for real use in a laboratory environment.
The ability to provide basic circuit training and coding techniques using the approach used here proved completely do-able within a few weeks for those with absolutely no programming experience, as exemplified by their results with the extemporaneous projects. Each team enthusiastically presented and explained the operation of their team projects -because they had to create the hardware and software themselves, and because it related to their field of endeavor.
Provision of early-on training about "care and feeding" of the microcontrollers was essential, as the sustainable use of the microcontrollers for economic reasons was important. Virtually all Arduino boards were returned in operating order. Understandably, there were minimal losses such as broken pins on some of the low-cost devices.
It should be noted that this course has a completely different objective than that of teaching microcontroller principles to ECE students. In this case, the microcontroller is to be used as an instrument in other fields, and as such the Arduino is a good choice for training programming to non-engineering students. The learning curve of the development environment (IDE) and the simplicity of the Arduino design have been well accepted by non-engineers as an instrument for research -whether in a chemistry lab, environmental sensor system, or pig pen. Student evaluation feedback indicates that the course is relevant to their field and easy to apply. The course fills in the accoutrements that are required to apply this technology: understanding of basic programming and simple circuits.
